Monoamine oxidases (MAOs) are mitochondrial enzymes with 2 isoforms that have emerged as important contributors to cardiovascular oxidative stress via the constant generation of hydrogen peroxide. The present study was purported to assess whether MAO-derived H 2 O 2 contributes to the endothelial dysfunction in mammary arteries harvested from coronary heart disease patients with/without diabetes mellitus subjected to coronary artery bypass grafting.
Abstract
Monoamine oxidases (MAOs) are mitochondrial enzymes with 2 isoforms that have emerged as important contributors to cardiovascular oxidative stress via the constant generation of hydrogen peroxide. The present study was purported to assess whether MAO-derived H 2 O 2 contributes to the endothelial dysfunction in mammary arteries harvested from coronary heart disease patients with/without diabetes mellitus subjected to coronary artery bypass grafting.
To this aim the effects of MAO inhibition on vascular contractility to phenylephrine and endothelial-dependent relaxation (EDR) in response to acetylcholine were studied in vascular segments. Clorgyline (irreversible MAO A inhibitor), selegiline (irreversible MAO B inhibitor), and moclobemide (reversible MAO A inhibitor) were applied in the organ bath (10µmol/L). MAO expression was assessed by immunohistochemistry. We found a constant impairment of EDR that has been significantly attenuated in the presence of the MAO A and B inhibitors in both groups of coronary heart disease patients. MAO B was the dominant isoform in all human diseased vessels. In conclusion, in vitro inhibition of MAO significantly improved endothelium-dependent relaxation in human mammary arteries, regardless the
Introduction
Coronary heart disease (CHD) is currently the leading cause of morbidity due to heart failure and its evolution is aggravated by the presence of diabetes mellitus (DM) whose prevalence is increasing at an alarming rate worldwide. Nowadays, it is widely accepted that D r a f t 3 excessive generation of reactive oxygen species (ROS) plays a central role in the pathogenesis of cardiovascular diseases, contributing to both endothelial and mitochondrial dysfunction that, in turn, accelerate their evolution towards complications.
Mitochondria have emerged as the major sources of oxidative stress in the cardiovascular system; in particular, complexes I and III of the respiratory chain at the internal mitochondrial membrane are primarily responsible for occasional generation of superoxide anion (Fridovich 1995; St-Pierre et al. 2002) . However, another mitochondrial enzyme responsible for the obligatory hydrogen peroxide (H 2 O 2 ) production at the outer mitochondrial membrane of cardiomyocytes has attracted the interest of the researchers A large body of experimental evidence showed that under physiological conditions the amount of H 2 O 2 generated via MAO is reduced but in cardiac pathologies (such as myocardial ischemia/reperfusion and heart failure) the increased activity of the MAO-A isoform becomed deleterious (Bianchi et al. 2005a; Kaludercic et al. 2011; Kaludercic et al. 2010) . Accordingly, in the rodent heart, MAO-A activation contributes to the ischemia/reperfusion injury in the in vivo model of regional ischemia (Bianchi et al. 2005a,b; Carpi et al. 2009) and to the maladaptive ventricular remodeling in the transverse aortic constriction-induced model of heart failure, respectively (Kaludercic et al. 2010; Villeneuve et al. 2013) .
Furthermore, an elegant study has unequivocally proven the role of MAO-B activation in triggering mitochondrial dysfunction besides the cardiac structural and functional alterations in mice with experimentally induced heart failure (Kaludercic et al. 2014) .
Recently, we described the role of MAOs as mediators of endothelial dysfunction and the beneficial effect of MAO inhibition in murine diseased vessels (Sturza et al. 2013) , and in experimental diabetes mellitus, respectively (Duicu et al. 2015; Sturza et al. 2015) .
The present study aims at assessing the role of MAOs as contributors to the endothelial dysfunction in mammary arteries from CHD patients with and without DM subjected to coronary artery by-pass grafting.
Materials and methods
Samples of internal mammary arteries were obtained from patients with preserved ejection fraction that underwent coronary artey bypass grafting. Patients were randomized in 2 groups: (1) patients with coronary heart disease (CHD) without DM (CHD group), and (2) coronary artery disease patients with documented DM (CHD-DM group).
The University Committee for Ethics Research approved the study protocol and the informed consent was obtained from all patients prior to surgery, according to the World Medical Association Declaration of Helsinki.
Demographic, clinical data and preoperative medication for both groups are presented in Table 1 . The characteristics of the patients included in the study are represented in Table 1 .
Preparation of the mammary arteries and isometric tension measurements. After harvesting the left internal mammary artery using the skeletonized technique, the distal end Immunohistochemistry. Internal mamary arteries samples from patients admitted for the revascularization procedure were primary processed for morphological diagnosis and immunohistochemistry. Immediate after prelevation, specimens were fixed by immersion in 4% buffered formalin, embedded in paraffin and sectioned at 3-5 µm. The slides were then dewaxed and rehydrated and either stained with the usual Hematoxylin-Eosin (HE) or pretreated for immunohistochemistry. For immunostaining we used the following antibodies:
Monoamine Oxidase A and Monoamine Oxidase B (Novus Biologicals, USA). We performed a heat-induced epitope retrieval, for 20 minutes, with Novocastra Bond Epitope Retrieval Solution 1, a citrate based pH 6.0 solution, ready-to-use, (Leica Biosystems, UK).
Endogenous peroxidase activity was inhibited by a 5 min preincubation in a solution containing 3% hydrogen peroxide. This step was followed by the incubation with the primary antibodies: Monoamine Oxidase A (mouse monoclonal anti-human, 1D6, dilution 1:300, Novus Biologicals, USA), and Monoamine Oxidase B (rabbit polyclonal anti-human, dilution 1:50, Novus Biologicals, USA) for 30 minutes. The Bond Polymer Refine Detection System was applied for visualisation, and 3,3 diamino-benzidine dihydrochloride was applied as chromogen for 10 minutes. The nuclei were counterstained with Mayer's hematoxylin for 5 minutes. The entire immunohistochemical procedure was performed with a Leica Bond-Max autostainer (Leica Biosystems, Newcastle uponTyne, UK). After staining, the slides were D r a f t 6 dehydrated and mounted with Canada balsam. Image acquisition and analysis were performed using a Nikon Eclipse E 600 microscope. Immunohistochemical expression of intracytoplasmatic MAO isoenzymes was scored using a semi-quantitative intensity scale: absent, weak, moderate and strong intensity.
Statistics
Data analysis of the dose-effect response curves was performed using the ANOVA F-test (comparisons of bottom and top values, EC50 and the Hill slope). Values of p<0.05 were considered statistically significant.
Results

Ex Vivo Inhibition of MAOs Reduces Contractility And Improves Relaxation Of Internal Mamary Arteries
MAOs have emerged as novel mediatos of endothelial dysfunction in animal models. In order to confirm this hypothesis in humans, the effect of MAO inhibition on endothelial function in human mammary arteries was assessed. Firstly, the contractile effect to cumulative doses of phenylephrine (Phe) was tested. In all patients we report a significant rightward shift of the concentration-response curve of Phe in the mammary arteries treated with MAO inhibitors (MAOI) as compared to the none-treated vessels ( Fig. 1 A, C) . Subsequently, we measured the endothelium-dependent relaxation in response to cumulative doses of acetylcholine (ACh) in the presence vs. the absence of three MAOI: clorgyline, moclobemide and selegiline (10 µmol/L). Similarly, in both groups, all MAO inhibitors significantly improved the relaxation response to ACh (Fig. 1 B, D) . No significant difference was found between diabetic and nondiabetic patients with respect to the beneficial effects of MAOI on endothelium-dependent relaxation (data not shown).
MAO Is Expressed In All Layers of Human Mammary Arteries
Distribution and cellular localization
Hematoxylin-eosin staining of the human mammary arteries did not revealed any morphological differences between the CHD and CHD-DM patients (Fig.2) . Subsequently, we evaluated the immunohistochemical expression of MAO-A and MAO-B in mammary arteries of CHD patients, with and without diabetes and showed that both isoforms of MAO (A and B) were present in the cytoplasm of various cells within all the three layers of the vascular wall; accordingly, MAO isoenzymes were expressed in endothelial cells and fibroblasts of the intima, in smooth muscle cells of the media ( 
Intensity
There was a moderate MAO-A expression and a strong MAO-B expression in the vascular wall of both patients groups as depicted in Fig. 3 and 4. However, no significant difference was found in either isoenzyme expression between the diabetic and the non-diabetic group.
The Presence of An Intact Endothelium Is Crucial For The Vascular Effects of MAOI
Ex vivo treatment with MAOI significantly reduced contractility and improved the relaxation response in human mammary arteries in all CHD patients with and without diabetes.
However, endothelial denudation with CHAPS completely abolished the effects of the pharmacological inhibitors on vascular reactiviy (Fig. 5) .
Discussion
In the present study we focused on the role of MAOs in the pathogenesis of endothelial dysfunction in patients with CHD with and without diabetes. We detected MAO expression in internal mammary arteries, the enzyme being distributed throughout the entire structure of the vascular wall: the endothelial and muscular layers, and adventitia (with nerves, perivascular adipose and conjunctive tissue). In both groups MAO-B was the dominant isoform.
In a previous study we reported the upregulation of both MAO isoforms in aortic rings harvested from rats with streptozotocin-induced diabetes as compared to the control animals (Sturza et al. 2015) . At variance, in the present study there were no differences in MAO expression between the diabetic and non-diabetic patients, but one must bear in mind that they were all diagnosed with coronary artery disease. As mentioned in the Material and Methods section, we selected patients with preserved left ventricular ejection fraction in order to prevent a confounding factor, since it has been reported that systolic heart failure is a leading cause of MAO overexpression in the rodent heart (Kaludercic et al. 2011). However, several factors could interfere with MAO expression in the present study. Firstly, it has to be mentioned that all recruited patients were also treated hypertensives. Hypertension is a risk factor clearly involved in the maintenance of chronic inflammation and progression of atherosclerotic lesions (Rosendorff et al. 2015) . In experimental settings, we have previously reported that acute administration of lipopolysaccharide (with subsequent inflammation) or chronic delivery of angiotensin II (with subsequent hypertension) lead to overexpression of both MAO isoforms, increase in ROS production and impairment of vascular relaxation (Sturza et al. 2013) . Second, medication can also modify the enzyme expression. In particular, it has been reported that treatment with angiotensin II converting enzyme inhibitors suppressed MAO activity (Raasch et al. 2002) . Of note, in our study both diabetic and non-D r a f t 9 diabetic patients were treated with this class of drugs. Interestingly, it has been also reported that pioglitazone, an anti-diabetic thiazolidinedione, acts as a specific and reversible inhibitor of human MAO-B (Binda et al. 2011 ).
The other important finding of our study is that blockade of endogenous MAO activity partially reduced contractility and improved the endothelium-dependent relaxation in vascular rings harvested from all CHD patients, regardless the presence or the absence of diabetes.
This finding strongly suggests that: i) MAO-related ROS production contributes to the prooxidative status underlying endothelial dysfunction in CHD patients and ii) MAOinhibition is able to partially reverse the functional impairment. The observations are in agreement with our previous findings in experimental models of diabetes: ex vivo incubation of the aortic rings with the same MAO inhibitors attenuated the endothelial dysfunction in aortic rings harvested from rats with streptozotocin induced diabetes (the classic model of type 1 DM) (Sturza et al. 2015) as well as in Zucker diabetic fatty rats (a genetic model of type 2 DM) (Sturza et al. 2014 ).
Last but not least, the most important finding of this study from pathophysiological point of view is related to the lack of beneficial effects of MAOI in the absence of a functional endothelium. Indeed, in denuded mammary arteries no alleviation of endothelial dysfunction was further obtained, in the presence of all MAO inhibitors. We did not address the signal transduction sequence responsible for the beneficial vascular effects of MAOI and we acknowledge this study limitation. However, we speculate that a decrease in nitric oxide (NO) availability is the underlying mechanism. Indeed, we have previously reported in HUVECs that MAO-A directly limits the accumulation of cGMP and thus, NO formation (Sturza et al. 2013 ). However, other pleiotropic effects of MAOI cannot be excluded.
In particular, selegiline, commonly used in the treatment of Parkinson and Alzheimer diseases (Thomas 2000) , has been reported to increase the level of nitric oxide in the brain D r a f t and in cerebral blood vessels, regardless of the MAO-B inhibition (Thomas et al. 1998) . Also, the inhibitor protects the endothelium against the toxic effect of amyloid, increase the level of superoxide dismutase in the brain, prevent apoptosis mediated by peroxynitrite and protect dopaminergic neurons from the toxicity mediated by glutamate or induced by the depletion of glutathione (Ebadi et al. 2006; Thomas et al. 1998 ).
MAO inhibitors are currently used in psychiatry and neurology for the treatment of anxiety and depressive disorders, Parkinson's and Alzheimer's diseases, respectively.
Therefore, no major problem should exist for the clinical assessment of their potential beneficial cardiovascular effects. Of note, MAO inhibition was largely used in the late 60s, mostly in the ex-Soviet Union, in the treatment of angina pectoris and hypertension (Griffith 1960; Kushelevskii and Kokosov 1967; Simon 1970) .
Since MAOs are the major enzymes responsible for catecholamine degradation, it will be predicted in clinical setting to favor the global accumulation of these vasoactive compounds with an increased risk for the occurrence of hypertensive crises (after ingestion of food, e.g. fermented cheese rich in tyramine, the norepinephrine precursor, concomitant with MAO inhibitors will elicit vasoconstriction -the well-known 'cheese-effect') as a direct consequence of the irreversible MAO inhibition (Finberg and Gillman 2011). However, whether this holds also true for the large scale-used novel reversible MAO inhibitors it is not completely clear.
Cardiovascular therapy is a rapidly changing field that witnessed important paradigm shifts, one of the most important being the use of beta blockers in heart failure, once regarded as counterintuitive. Therefore, in light of the exciting findings pointing to the role of MAOrelated oxidative stress in cardiovascular pathology, the reversible MAO inhibitors represent a promising class for the therapeutic armamentarium of both heart and brain diseases.
D r a f t
Conclusions
In conclusion, monoamine oxidases are expressed in human mammary arteries but it is the MAO-B isoform that is mainly induced in coronary heart disease patients with preserved ejection fraction. In vitro inhibition of MAOs significantly improved endothelium-dependent relaxation in human mammary arteries, regardless the presence of diabetes. These data suggest that MAO inhibitors might be useful in restoring endothelial response in clinical conditions associated with increased oxidative stress and vascular dysfunction such as coronary artery disease and diabetes. 
